Linearizing thermistors 
with a single resistor 

Adding a resistor to a thermistor is a suprisingly easy way 
to make fast and accurate temperature measurements 

by Art Burke, Burke Electronics. San Diego, Calif. 



□ Accurate measurements of temperature are needed in 
a multitude of industrial applications. Thermistors are 
popular devices for the job, and readings would be 
simple if the thermistor's resistance varied linearly with 
its temperature. Thermistors, however, are nonlinear, 
and so a linearizing procedure is called for. 

Manufacturers' design guides often treat linearization 
of thermistors as a trial-and-error operation or give 
approximation techniques that yield poor results. A more 
useful approach forces either the voltage output or the 
resistance of a simple fixed-resistor-thermistor network 
to have zero error along a linear temperature scale at 
three equidistant points, with errors elsewhere distrib- 
uted in an S-shaped curve. Specifically, the method 
verts the nonlinear negative temperature characteris- 
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Typical. An NTC thermistor decreases in resistance nonlinearly 
.ih increasing temperature, as shown. Adding a fixed resistor in 
series or in parallel goes far toward linearizing the thermistor's 
response, simplifying conversion from temperature to voltage. 



tics of a thermistor into a linear relationship with peak 
errors of about ±0.01° over a 10°C range, ±0.05° over 
30°C, ±0.6° over 50°C, and ± 3° over a 100°C range. 

Furthermore, using the resistor-thermistor network in 
a simple constant-voltage-fed bridge circuit with an 
adjustable-gain operational-amplifier output produces a 
voltage output that is directly related to temperature. 
For example, volts corresponds to 0°C, 0.100 v to 
10.0'C, and 0.500 v to 50.0°C. 

Typical curves 

A typical resistance-temperature curve of a negative- 
temperature-coefficient (NTC) thermistor is shown in 
Fig. 1 for the range of —20° to 120°C. It is clearly 
nonlinear, yet a single fixed-value resistor, R, placed in 
parallel with the thermistor, as shown in Fig. 2, produces 
a parallel resistance that has a completely linear rela- 
tionship with temperature at three equidistant points, T a , 
Tb, and T c , and a slightly S-shaped relationship at inter- 
mediate temperatures. This relationship is shown in Fig. 
3 as the R p curve. When placed in series with the 
thermistor, fixed-resistor R of the same value will pro- 
duce a similar S-shaped curve with the same peak errors 
if a voltage across R is measured. This curve is labeled 
E R (Fig. 3). 

If temperatures T a and T c are slightly inside the de- 
sired range, the peak errors can be reduced somewhat 




2. Linearized. A linearizing resistor, R, placed in parallel (left) or in 
series (right) with a thermistor produces a temperature to resistance 
or temperature to voltage characteristic, respectively, that is general- 
ly linear and at three temperature points is exactly linear. 



Electronics/June 2, 1981 



151 



Deriving the linearization equation 



To derive the Jinearization equation for a fixed-resis- 
tor-thermistor network, let T a , T b , and T c represent the 
temperatures at three equidistant (low, middle, and high) 
points— a, b, and c. Further, let R a represent the thermis- 
tor resistance at temperature a, R B the resistance at tem- 
perature b, and R c the resistance at temperature c. 

For resistor R in parallel with thermistor resistance R,, 
the equivalent parallel resistance is determined by the 
well-known equation R p = R(R,)/(R + R,). In addition, the 
condition of equidistance requires that Rpa — R P b = 
Rpb-Rpc- Substituting the equation for parallel resistance 
into this expression yields: 

R(R.) R(Rb) = R(Rb) R(Rc) 
R + R a R + Rb R + Rb R + Rc 

Canceling out the R in all the numerators gives: 



Ra Rb _ Rb Rc .... 

R + Ra R + Rb _ R — R b R + Rc { ' 

Similarly, with a constant voltage, E, and the voltage E R , 
across R, being linear, the voltage E R across R must be 
linear, since E = E R , + E R . Consequently, by voltage divi- 
sion, E R1 = E(R,)/(R + R,). 

From the equidistance criterion, E Ra -E Rb = E Rb -E Rc . 
Therefore: 

E(Ra) E(R b ) E(R„) E(Rc) 
R + Ra R + Rb R + Rb R + Rc 

Canceling out E in all the numerators gives the same 
equation as Eq. 1. Solved for R, it yields: 

n R b (R a + Rc) ~ 2R a Rc 
H_ R a + Rc-2R b 



because the curve will cross over at a and c. For example, 
if the desired range is 0° to 50°C, choosing 3°C for T a and 
47°C for T c gives a slight error at 0°C; no error at 3°C; 
slight errors up to 25°C, where the error is again zero; 
slight errors from there up to 47°C, where the error is 
once again zero; and then slight errors up to 50°C. 

The value of linearizing resistor R is found from the 
expression: 




3. S shaped. The equivalent parallel resistance, R p , of a thermistor 
and a linearizing resistor (shown in color) deviates slightly from the 
linear (black). Similarly, in a powered circuit the series combination 
produces an almost linear voltage, E n . across the linearizing resistor. 



points of the temperature range and where T b — T a = 
T c -T b (see "Deriving the linearization equation.") 

As an example, using the values taken from the manu- 
facturers' tables from which the curve in Fig. 1 was 
plotted and the range 0° to 50°C, let: 

T a = 3°C R a = 14,025 ohms 

T b = 25°C R b = 5,000 

T c = 47°C R c = 2,020 fi 
From Eq. 1, R is calculated to be 3,898.1 Q. 

The effect of this resistance in parallel with the therm- 
istor is found using R p = R(R,)/(R + R,). A plot of 
data between 3°, 25°, and 47°C reveals the shape of th 
curve, indicating the small deviation from true linearity. 
The peak deviation can be estimated to be about 0.6°C, 
as mentioned earlier. The actual calculated deviations 
are +0.53° at 0°C, -0.62° at 10°C, +0.58° at 35°C, and 
-0.48° at 50°C. 

Generally, as noted, a linear voltage-temperature rela- 
tionship is more useful for measuring temperature than a 
nonlinear one. It is even more useful if there is a direct 
reading between temperature and voltage without con- 
version factors. 

If the thermistor, with resistance R,, and fixed resistor 
R are put in series across a constant voltage source, the 
voltage across the thermistor will decrease with a rise in 
temperature, and the voltage E R across R will increase as 
a result. Thus the voltage across R satisfies the require- 
ment of having the output vary directly with tempera- 
ture. If the voltage, E, is held at exactly 1.0 v dc, the 
voltage across R is: 

E R = E[R/(R + R,)] = 1.0[R/(R + R,)] 

Using the example developed above for the range 0° to 
50°C, where R was found to be 3,898.1 fi (remember 
that R is the same whether used in series or in parallel 
with R t ) gives a value of R t at 3°C of 14,025 Q. 
Therefore E R3 = 1.0 [3,898.1/(3,898.1 + 14,025)] = 
0.217490 V. R, at 25°C is 5,000 Q, so that E R25 is 
0.438082 v. At 47°C, R, is 2,020 fi, giving a value " 
0.658674 V for E R47 . 

Since E R3 , E R2 s, and E R4 7 lie on a straight line, E R and 
T coincide at those three points. However, the voltages 
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4. One to one. For convenient temperature measurements, the 
bridge and op-amp scaling circuit shown gives a one-to-one corres- 
ondence between temperature and voltage. The digital voltmeter 
ien displays a voltage that can be directly read as a temperature. 



are not directly readable as temperatures. With a 4'/2- 
digit voltmeter on the 0-to-l-v range, it would be advan- 
tageous to read 0.0300 at 3°C, 0.2500 at 25°C, and 
0.4700 at 47°C; moving the decimal point two places to 
the right, so that the readings are, respectively, 3.00, 
24.00 and 47.00, would be even better. But first the 
maximum allowable voltage for E must be determined. 

In most small thermistors, the maximum allowed pow- 
er dissipation due to self-heating is about 1 milliwatt per 
°C in still air. To keep the self-heating error to about 
0.1 o C, the current must be limited to give a dissipation of 
about 0.1 mw in R, when it is equal to R, which is the 
point of maximum power dissipation. In the example 
above where R is 3,898.1 fi, the current, I, must be 
limited to I = (P/R) ,/2 = (0.0001/3,898. 1) 1/2 = 
0.00016 ampere. The maximum E is then I(R, + R), 
where R, = R, so that E = I(2R) = 1.249 v. This value 
is based on a worst-case condition, where the thermistor 
is surrounded by still air; if moving air, liquids, or solids 
are being measured, the self-heating error is much lower. 

To get from the accurate but unwieldy voltage versus 
temperature relationship to a direct-reading digital- 
voltmeter output requires a bridge and a programmable- 
gain operational amplifier, as shown in Fig. 4. The first 
step is to obtain the gain of the op-amp circuit. In the 
example of a 0°-to-50°C measurement, a temperature 
ige of 44°C produced a voltage change across R of 
0.441 184 v; the gain, G, must therefore be adjusted so as 
to be equal to (D/100)/(E Rc -E Ra ), where D is the 
difference in °C between temperatures T c and T a , E Rc is 
the voltage across R at temperature T c , and E Ra is the 
voltage across R at temperature T a . Thus: 

(1/E)(D/100) 



G = 



[R/(R + R c )]-[R/(R + R a )] 



(2) 



The next step is to calculate E R at temperature T a and 
subtract (T a /100)/G from it. That yields the voltage 
needed across R 2 in the bridge to give a voltage equal to 
T a /100. For example, if T a = 3°C, the voltage should be 
0.030 v, since: 



E 2 = E 7 



R 



T a /100 



(3) 



(4) 



-(R + R a ) G 
and the voltage E x for any temperature T x is: 

E = g [ e (r^- e 0] 

where R x equals the resistance of the thermistor at T x . 
Finally, the error, EC, in °C is calculated as: 

EC = (E x )(100) -T x (5) 

A simple Basic program to solve Eqs. 1 through 5 and 
calculate a table of temperature, voltage, and error in 
+ °C is shown at the right above. 

The peak errors over large temperature ranges are 
i educed by an order of magnitude using a computer- 
aided design technique that combines the three-point 
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BASIC PROGRAM FOR CALCULATING TEMPERATURE, 
VOLTAGE, AND.ERROR FOR A 
FIXED-RESISTOR-THERMISTOR NETWORK 



',00 REM 3 P0INT THERMISTOR LINEARIZATION 
200 DATA 14025, 6000,2020,44, 3,1 
300 READ A,B,C,D,L,E 
400 LETD=D/100 
500 LETL=L/100 

600 LET R=(B*IA+C|-2 # A*C)/(A+C-2*B) 

700 LETG=D/(E'(R/(R+C|-R/(R+A») 

800 LET E2=E*R/(R+A|-L/G 

900 PRINT" R";R;" G" ;G;" E2" ;E2 
1000 INPUT "Tx";T 
1100 INPUT "Rx";R3 
1200 LETE3=G*(E*R/(R+R3)-E2) 
1300 LET E3=(INT(E3*10000+.5II/10000 
1400 LET E4=E3*100-T 

1500 PRINT" TEMP.";T;"DEG.C,";" DVM";E3;"V.,";" ERR0R";E4;"DEG.C" 
1600 PRINT 
1700 GOTO 1000 

NOTE: In line 200, type the values of the following variables in order after 
the word "data": R a , Rb, R c , T c -T a , T a , and E for the application. The 
values for the previous example are used here for illustration. 




5. Ultimate. Shown here is an improvement on the three-point 
linearing procedure of Fig. 2. The circuit on the left is the resistance 
version; the one on the right is the powered version. For both, peak 
errors are reduced by an order of magnitude over the original 
configuration when used over a large temperature range. Here R, 2 
represents N thermistors of the original type connected in parallel. 
R t , is the original thermistor and R s is added in series with R, 2 . The 
program on page 154 is used to find N and R s . 
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BASIC PROGRAM FOR CALCULATING PEAK ERRORS 
IN A MULTIPLE-THERMISTOR NETWORK 



RESULTS OF PROGRAM 2, USING VALUES OF 
N = 5 AND R s = 1.050 fi 



LIST 

1 REM 3-P0INT LINEARIZATION OF THERMISTORS 

2 REM 

5 REM FORMAT LINE 10: DATA Rtla,Rt1b.Rt1c,Tc-Ta,Ta.E 

6 REM FORMAT LINE 11: DATA Rtl AT LOWEST TEMP. OF DESIRED 

7 REM RANGE. Rl1 AT NEXT HIGHER T STEP. ETC UNTIL Rtl 

8 REM FOR ALL STEPS ARE ENTERED. IN THE EXAMPLE BELOW THE 
S REM RANGE ISO 100 OEG.C STEP 5 DEC, 5000 OHM THERMISTOR 

10 DATA 14025. 1801.5, 370.5, 94,3, 1 

11 DATA 16325, 12695,9950,7855,6245,5000.4028,5 

12 DATA 3265,2663.3,2185,1801.5,1493,1244,1041.5 

13 DATA 876,739.5,627.5,535,457.65,393.35,339 15 
30 READ At. Bl, CI, D. L. E 

40 D=D/100:L=L/100 

47 REM 

48 REM N ISTHE NUMBER OF ADDITIONAL PARALLELED THERMISTORS 

49 REM N=0 SIGNIFIES A SINGLE-THERMISTOR CIRCUIT 

50 INPUT"N":N 

55 IF N=0 THEN A=A1 : B=B1 : C=C1 : GOTO 1 30 
60 INPUT "Rs GUESS"; S 
80A2=A1/N:B2=B1/N:C2=C1/N 

97 REM 

98 REM SERIES-PARALLEL RESISTANCE OF A1.A2.AND Rs IS FOUND, ETC 
100 A=(A2+S)*A1/(A1+A2+SI 

110 B=IB2+S)'B1/(B1+B2+SI 
120 C=IC2+S)*C1/IC1+C2+S) 

128 REM 

129 REM THE VALUE OF LINEARIZING RESISTOR R IS FOUND 

130 RHB'IA+CH-A'CI/IA+C^'BI 

138 REM 

139 REM THE GAIN G OF THE OP-AMP CIRCUIT IS FOUND 

140 G=Q/(H/(R+C)-R/(R+A))/E 

148 REM 

149 REM THE NECESSARY OFFSET VOLTAGE E2 ACROSS R2 IS FOUND 

150 E2=E*R/(R+A)-L/G 

160 PRINT" R";R;" G":G:" E2";E2 

180 PRINT'TEMP", "DVM", "ERROR" 

181 REM 

182 REM FORMAT LINE 185: FOR T= LOWEST TIN DESIRED RANGE TO 

183 REM HIGHEST T STEP THE DESIRED INCREMENT. NOTE- MUST 

184 REM MATCH VALUES IN LINES 11, 12, ETC. 

185 FORM TO 100 STEP 5 

187 READ R1 

188 GOSUB210 

189 NEXT T 

190 INPUT "WANT TO TRY OTHER TEMPERATURES, YES OR NO": OS 

191 IFQ$="YES" THEN 193 

192 GOTO 200 

193 INPUT "Tx";T:INPUT "Rx";R1 

194 GOSUB210 

195 GOTO 190 

200 RESTORE: GOTO 10 
205 END 

208 REM 

209 REM SUBROUTINE FOR FINDING OVM READINGS AND ERRORS 

210 IF N=0 THEN R3=R1 : GOTO 230 
215 R2=R1/N 

220 R3HR2+SI-R1/IR1+R2+SI 

230 E3=G*IE'R/(R+R3)-E2I 

240 E3=(INT(E3'10000+.5»/10000 

250 E4=E3'100-T 

260 E4=IINT(E4M0000+ .511/10000 

270 PRINTT, E3-100, E4 

280 RETURN 

290 END 

REAOY 



zero-error method with some cut-and-try efforts to 
determine the number of additional similar thermistors 
in parallel (or a single additional thermistor of 1/Nth 
the value of the original thermistor) and the value of a 
fixed resistor in series with the additional thermistor(s). 
The resulting circuit configuration is shown in Fig. 5, 
where R, is the combination of the resistance of the 
original thermistor, R,,; the parallel resistance, R, 2 , of 
the N additional thermistors; and the additional fixed 
resistor, R s ; and where R is the linearizing resistor. 

The value of R is found from Eq. 1 using R,, which is 
the series-parallel combination of R s , R> i, and R, ? at the 
three equidistant temperatures. The values of R s and N 
are found by the cut-and-try method, to minimize the 
peak errors. The second Basic program, above, allows 
for readily changing values of N and R s and gives the 
peak errors over the temperature range for each value. 



RUN 
N?5 

Rs GUESS? 1050 



R 538.924 


G 1.85074 


E2 .135056 


TEMP 


DVM 


ERROR 





.24 


.24 


5 


4.89 


-.11 


10 


9.79 


-.21 


15 


14.83 


-.17 


20 


19.95 


-.05 


25 


25.05 


.05 


30 


30.13 


,13 


35 


35.16 


.16 


40 


40.12 


.12 


45 


45.06 


.06 


50 


50 





55 


64.96 


-.04 


60 


59.94 


-.06 


65 


64.96 


-.04 


70 


70.02 


.02 


75 


75.13 


.13 


80 


80.21 


.21 


85 


85.24 


.24 


90 


90.23 


.23 


95 


95.09 


.09 


100 


99.82 


-.18 


WANT TO TRY OTHER TEMPERATURES, YES OR NO? YES 


Tx?-5 






Rx?21165 






-5 


-4.07 


.93 



WANT TO TRY OTHER TEMPERATURES, YES OR NO? YES 

Tx?105 

Rx? 293.65 

105 104.36 -.64 

WANT TO TRY OTHER TEMPERATURES, YES OR NO? NO 
N?4 

Rs GUESS? X 
?SN ERROR IN 60 
READY 







The thermistor resistances at various temperatures are 
entered as a data list in the first lines of the program and 
are used again and again as the cut-and-try attempts 
proceed. The results are displayed in the form of the 
table above, showing the errors at each temperature. The 
crossover points are easily changed in line 10 of the 
program to equalize the errors over the temperature 
range, and N and R s guesses are dynamically changed to 
minimize the peak errors and consequently arrive at the 
optimum values. The procedure takes only a few minutes 
to give the values for minimum errors. 

Running the program for a temperature range of 
100°C using the data shown and selecting N = 5 and 
Rs = 1,050 Q produce the results that are shown above. 
Note how the errors are balanced over the range and 
how fast they increase above and below the range (for 
example, at —5° and 105°C). 

In the second program, the "no" answer to the third 
interrogation jumped the program back to the point 
where new estimates of N or R s or both could have been 
made as part of the cut-and-try procedure. A letter 
answer to either "N?" or "T x ?" rather than a number 
terminates the program (as shown) so that other cross- 
over points and other variables can be entered on line 10. 
This program can be used as a general one, replacing the 
previous version, because it allows the selection of N =^J3 
for single-thermistor linearization over small temp< 
ture ranges, where errors are so small that multiple 
thermistors are not needed. □ 
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